Hickey AJ, Chai CC, Choong SY, de Freitas Costa S, Skea GL, Phillips AR, Cooper GJ. Impaired ATP turnover and ADP supply depress cardiac mitochondrial respiration and elevate superoxide in nonfailing spontaneously hypertensive rat hearts. Am J Physiol Cell Physiol 297: C766 -C774, 2009. First published June 24, 2009 doi:10.1152/ajpcell.00111.2009.-Although most attention has been focused on mitochondrial ATP production and transfer in failing hearts, less has been focused on the nonfailing hypertensive heart. Here, energetic complications are less obvious, yet they may provide insight into disease ontogeny. We studied hearts from 12-mo-old spontaneously hypertensive rats (SHR) relative to normotensive Wistar-Kyoto (WKY) rats. The ex vivo working-heart model of SHR showed reduced compliance and impaired responses to increasing preloads. High-resolution respirometry showed higher state 3 (with excess ADP) respiration in SHR left ventricle fibers with complex I substrates and maximal uncoupled respiration with complex I ϩ complex II substrates. Respiration with ATP was depressed 15% in SHR fibers relative to WKY fibers, suggesting impaired ATP hydrolysis. This finding was consistent with a 50% depression of actomyosin ATPase activities. Superoxide production from SHR fibers was similar to that from WKY fibers respiring with ADP; however, it was increased by 15% with ATP. In addition, the apparent Km for ADP was 54% higher for SHR fibers, and assays conducted after ex vivo work showed a 28% depression of complex I in SHR, but not WKY, fibers. Transmission electron microscopy showed similar mitochondrial volumes but a decrease in the number of cristae in SHR mitochondria. Tissue lipid peroxidation was also 15% greater in SHR left ventricle. Overall, these data suggest that although cardiac mitochondria from nonfailing SHR hearts function marginally better than those from WKY hearts, they show dysfunction after intense work. Impaired ATP turnover in hard-working SHR hearts may starve cardiac mitochondria of ADP and elevate superoxide. adenylate control; saponin-permeabilized fibers; hypertensive heart; oxidative stress; complex I dysfunction; respiration MITOCHONDRIAL ENERGY PRODUCTION and linked energy transfer to ATP-consuming processes are central to the maintenance of physiological cell and tissue functions. Cardiac mitochondria occupy 30 -40% of the healthy mammalian cardiomyocyte (depending on species and health) and are regimentally arranged to supply 95% of cellular energy (for review see Ref. 20) via creatine kinase shuttle systems coupled to energy consumption sites (33, 40, 41) . In hypertension-mediated hypertrophy and resulting heart failure, functional disruption occurs at all these levels (33), with changes in respiration (14, 15, 22, 23, 28, 47) , energy transfer (33, 53), and ATP consumption (55).
adenylate control; saponin-permeabilized fibers; hypertensive heart; oxidative stress; complex I dysfunction; respiration MITOCHONDRIAL ENERGY PRODUCTION and linked energy transfer to ATP-consuming processes are central to the maintenance of physiological cell and tissue functions. Cardiac mitochondria occupy 30 -40% of the healthy mammalian cardiomyocyte (depending on species and health) and are regimentally arranged to supply 95% of cellular energy (for review see Ref. 20) via creatine kinase shuttle systems coupled to energy consumption sites (33, 40, 41) . In hypertension-mediated hypertrophy and resulting heart failure, functional disruption occurs at all these levels (33) , with changes in respiration (14, 15, 22, 23, 28, 47) , energy transfer (33, 53) , and ATP consumption (55) .
In the context of heart failure (33) , there has been a particular focus on mitochondria and energy transfer within the cardiomyocyte. This has driven many to study mitochondria in isolation and in vivo using NMR (49). Although isolated mitochondria are fundamental to understanding pathology and general cardiomyocyte metabolism, this work has placed less focus on mitochondria from the nonfailing hypertensive heart, potentially because isolated mitochondria often appear to function adequately (9, 49) . Much importance has been placed on mitochondrial ATP production and the outward flow or transfer of creatine phosphate to consumption sites. Yet the outflow of energy represents only part of a cycle, inasmuch as further promotion of contraction and oxidative phosphorylation requires that the contractile "exhaust" and inhibitor ADP be cleared from fibrils. Notably, ADP concentration ([ADP]) is not directly quantified by NMR spectrometric methods but is derived assuming creatine kinase equilibrium constants. Inasmuch as [ADP] exerts considerable control on mitochondrial flux, subsequent limits on ATP turnover may impact respiration. Therefore, there is a need to assess mitochondrial function in compensated hearts in situ, where ATP hydrolysis is impaired (55) and can be studied using permeabilized fibers and high-resolution respirometry (26) .
Here we compare nonfailing hearts from 12-mo-old spontaneously hypertensive rats (SHR) with hearts from normotensive age-matched Wistar-Kyoto (WKY) rats, which are a generally accepted control strain for the SHR. Using the working-heart model, we explored integrated cardiac function. Then, using saponin-permeabilized fibers, we explored mitochondrial function in situ, without and after tests with the working-heart model. This method selectively targets plasma membranes leaving mitochondrial membranes, their contact points, and actomyosin ATPases intact within fiber bundles (26, 42, 43) . This method permits rapid assessment of mitochondrial function in terms of phosphorylation capacity in the presence of excess ADP, as well as analysis of ATP-fueled respiration (i.e., with ATP as substrate) (42, 43) . Here, ATP is hydrolyzed by ATPases within fibers, and this supplies ADP to mitochondria.
We found that SHR fiber electron transport systems (ETS) appeared marginally better than WKY fibers before work. However, SHR mitochondria showed depressed complex I (CI) flux after excessive work. In addition, the SHR ATP-supported respiration was substantially depressed, and mitochondrial ADP affinities were considerably higher. We further investigated the potential impacts of perturbed ATP-fueled respiration on mitochondrial superoxide (O 2
•Ϫ ) production rates and oxidative damage in SHR hearts. Cardiac function in isolated perfused working rat hearts. We measured cardiac performance in isolated perfused working hearts from age-matched 12-mo-old SHR (n ϭ 7) and WKY control rats (n ϭ 7) as described previously (23) . Working-mode perfusion was established with a 10-cmH2O preload and 76-mmHg afterload, with pacing at 300 beats/min (Digitimer) at 37°C. Intrachamber left ventriclar (LV) pressure (model SP855, AD Instruments), aortic pressure (model PX23XL, Stratham Gould), cardiac output, and aortic and coronary flow (model T206, Transonic) were measured. Pressure and flow data were recorded (Powerlab16s, AD Instruments), and LV pressure development (ϩdPLV/dt) and relaxation (ϪdPLV/dt) were derived. Atrial filling pressure was decreased to 5 cmH2O and then increased in seven 2.5-cmH2O steps to 22.5 cmH2O (final), and 1-min averages were extracted. Filling pressure was then fixed at 10 cmH2O, and the afterload was increased from 54.7 mmHg in 11 steps of 5.3 mmHg to a maximum of 118.5 mmHg (final). After functional assays, hearts were arrested with 24 mM KCl and sectioned transmurally midway from the apex to the base. Left and right ventricular wall and septal thicknesses were measured by micrometer, and heart weights were determined. Endomyocardium was dissected from the LV for respiration studies (see below).
METHODS

Animals
Fiber preparation and citrate synthase and actomyosin ATPase assays. All reagents were purchased from Sigma-Aldrich, unless stated otherwise.
A separate cohort of matched animals were anesthetized (3-5% isoflurane in O2), and heparin (1,000 U/kg) was injected into the vena cava. After 2 min, the hearts were rapidly excised and placed in ice-cold saline. Hearts were then retrogradely perfused (Langendorff) with 40 ml of perfusion solution (225 mM mannitol, 75 mM sucrose, 20 mM HEPES, 1 mM EGTA, and 0.5 mg/ml BSA, pH 7.4 at 4°C).
Permeabilized fiber preparation. Endomyocardial LV tissue (ϳ25 mg) was placed into ice-cold relaxing (Biops) solution (26) consisting of (in mM) 10 EGTA-CaEGTA buffer (0.1 M free Ca 2ϩ ), 9.5 MgCl2, 3 KH2PO4, 20 taurine, 5 ATP, 15 creatine phosphate, 49 K ϩ MES, and 29 imidazole-HCl (pH 7.1) and dissected into 0.5 ϫ 1 mm fiber bundles. Another 25-mg piece of tissue was frozen for assays of citrate synthase (CS) and actomyosin ATPase (see below). Dissected tissues were placed into fresh ice-cold buffer 2 (1 ml in a 12-well culture plate) to which freshly prepared saponin (50 g) was added. The plate was agitated for 30 min at 4°C. The fibers were washed three times in ice-cold assay medium [MiRO5 (26) ] consisting of 0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 110 mM sucrose, and 1 mg/ml BSA in 20 mM HEPES (pH 7.1 at 30°C). The fibers were then blotted dry using lint-free lens tissue, weighed, and used immediately in oximetry or O2
•Ϫ assays. CS and actomyosin ATPase assays. Frozen (Ϫ80°C) tissues were thawed, minced, weighed, and homogenized in 1:20 (wt/vol) ice-cold buffer consisting of 40 mM KCl, 2 mM MgCl2, 2 mM EDTA, and 25 mM Tris ⅐ HCl (pH 7.5), with 0.2% Triton X-100 and 50% glycerol. Homogenates were centrifuged at 17,500 g at 4°C for 5 min, and the supernatant was frozen for CS assays. The pellets were retained for determination of actomyosin activity. CS activities were determined following Srere (48) modified to microtiter-plate format, and activities were standardized to purified CS (Roche).
Actomyosin ATPase activity was determined after tissue pellets were resuspended and washed three times in ice-cold 50 mM Tris ⅐ HCl (pH 8). The final pellet was resuspended to an approximate protein concentration of 2 mg/ml. MiRO5, which contained 5 mM phospho(enol)pyruvate, 0.2 mM NADH, 3.23 U/ml lactate dehydrogenase, 2 U/ml pyruvate kinase, 0.01 mM rotenone, 0.01 mM ouabain, and 2 g/ml oligomycin with 10 g of sample protein in a 500-l reaction volume, was used for actomyosin ATPase determinations. Mg-ATP was added (2.5) to commence assays, which were followed spectrofluorometrically (model F4500, Hitachi; 337-nm excitation, 450-nm emission, 5-nm slit width).
Transmission electron microscopy. Myocardial fiber bundles isolated as described above were retained before permeabilization and fixed in ice-cold buffer containing 10 mM HEPES buffer (pH 7.1) and 250 mM sucrose with 2.5% glutaraldehyde and stored at 4°C. Fixed samples were prepared as described elsewhere (23) . Mitochondrial areas relative to myofibrillar areas were determined using Image J version 1.37 (National Institutes of Health). Mean cristae number per micrometer was determined by counting the number of cristae that were perpendicular to a bisecting line of known length. Eight grids per four individual samples were examined by an observer who was blinded to the sample origin.
Respiration assays. Mitochondrial phosphorylation and adenylate transfer were measured using saturating ADP and ATP (determined in this study). Saturating ADP (1.25 mM) was used to maximize phosphorylation flux capacities. A multiple-substrate inhibitor titration protocol was used to explore relative contributions of CI, complex II (CII) and CI ϩ CII in the ETS. The exchange of ADP for ATP (2 mM, exogenous respiration) provided information about energy transfer within fibers (26, 42) .
Respiration was measured in 2-ml chambers using an OROBOROS Oxygraph 2K (Anton Paar, Graz, Austria), with each assay using fibers from individual hearts. Measurements were performed at 30°C, inasmuch as we found that assays at 37°C were less consistent. The O2 concentration at air saturation of the medium was 214 nmol O2/ml at 95 kPa barometric pressure. Fiber bundles were blotted dry using lint-free lens tissue and weighed, and weight-specific O2 flux (pmol O 2 ⅐ s Ϫ1 ⅐ mg wet wt Ϫ1 ) was calculated using DatLab 4 analysis software.
The ADP-supported flux determination substrate inhibitor protocol permitted flux rate comparisons in different respiration states. Respiration states are defined according to Gnaiger (18) , where state 2 (s2, prior) is the flux measured before addition of ADP and state 3 (s3) is the flux measured after ADP. Flux through CI was first determined using 10 mM glutamate and 5 mM malate (CIs2). State 3 respiration was initiated by the addition of 1.25 mM ADP (CIs3) and then 10 mM succinate, thereby activating CI and CII simultaneously and driving parallel electron input into the ETS (CI,II,s3) (18) . Three incremental additions of carbonylcyanide p-trifluoromethoxy-phenylhydrazone (FCCP, final concentration 0.5 M) were made to uncouple respiration (CI,CIIuc). The CI inhibitor rotenone (1 M) was added to isolate flux to CII (CIIuc). Antimycin A (1 M) was then added, and the artificial electron donor system of N,N,NЈ,NЈ-tetramethyl-p-phenylenediamine (5 M), ascorbate (0.5 mM), and cytochrome c (5 M) was added to assay complex IV (cytochrome c oxidase). Integrity of preparations and comparison of coupling efficiencies were made from acceptor control ratios [state 3 (excess ADP)-to-state 2 (no ADP) ratio].
The second assay testing ATP-fueled respiration consisted of glutamate and malate followed by succinate (CI,II,s2), which provided measures of state 2 flux with parallel electron input. ATP (2 mM) was added (CI,II-ATP), followed by 20 mM creatine (CI,IIATPcr) solubilized in 5 mM MES (pH 5.8 at 40°C) and, lastly, 0.5 M FCCP (CI,CIIuc).
Apparent Km values of fibers for ADP (Km-ADP) and ATP (Km-ATP) were also calculated to test whether there were any fundamental differences in adenylate binding. For respiration experiments, fiber respiration was again supported by CI and CII substrates, and ADP and ATP titrations were performed to give the following final concentrations of Mg 2ϩ -ATP or Mg 2ϩ -ADP (in M): 62.5, 125, 188, 438, 688, 938, 1,187, and 2,500. State 2 respiration rates were subtracted from all derivations, and V 0, Km-ADP, and Km-ATP were calculated for each individual using double-reciprocal plots and linear regression.
O 2 •Ϫ and lipid peroxidation assays. The free radical O2
•Ϫ was followed using dihydroethidine (DHE). DHE reacts with O2
•Ϫ to produce ethidium, which intercalates with DNA and fluoresces after excitation (8) . Blotted tissue fibers (ϳ2 mg) from individual hearts were added to 200 l of assay buffer containing 50 mM HEPES (pH 7.1 at 30°C), 145 mM KCl, 5 mM KH 2PO4, 3 mM MgCl2, and 0.1 EGTA (note that this buffer, used as the lactobionate in MiRO5, appeared to quench O 2
•Ϫ detection) and equilibrated to 30°C in 1.7-ml microcentrifuge tubes. An additional 300 l of buffer containing (in mM) 0.02 DHE (DMSO stabilized; Molecular Probes), 10 succinate, 10 glutamate, and 5 malate with or without 1.25 ADP and 2 ATP were then added to start the reaction. Samples were gently shaken continuously for 20 min at 30°C and 1,000 rpm. Reactions were stopped by addition of 20 l of 10% Triton X-100, and the samples were shaken for an additional 5 min. Triton X-100 was added to fibers before they were incubated in control assays to account for nonmitochondrial activity. Fibers were removed, blotted dry, and then placed into 250 l of 10 mM Tris ⅐ HCl (pH 7) containing 6.5 g of sonicated salmon sperm DNA. Proteinase K (0.5 U; Roche) was added, and the samples were shaken for 2 h at 25°C. Two 100-l aliquots per sample were measured using a 96-well fluorescent plate reader (Molecular Devices GE Spectramax) with an excitation of 300 nm and emission of 612 nm. Lipid peroxides were assayed using a thiobarbituric acid-reactivity assay following Janero (21) . Initial tests were conducted over 1 h to ensure that the rate of ethidium formation was linear within the 20-min measurement period.
Statistical analyses. Statistical analyses used the Student's t-tests where variances were approximately equal (Levene's test), and data were transformed appropriately when unequal. The analyses involving pairwise comparisons of O 2
•Ϫ production employed a two-factor ANOVA to account for genotype and respiration state, and post hoc analysis employed Bonferroni's correction for multiple comparisons. P Ͻ 0.05 was considered significant.
RESULTS
Animals and cardiac function. Cardiac masses were ϳ30% larger in the SHR than WKY rats, and diastolic and systolic blood pressures were 20% higher in SHR hearts (Table 1 ). Relative to body mass, SHR hearts were 17% larger than WKY hearts. In contrast LV, septum, and right ventricular wall thickness were lower relative to heart mass in the SHR than WKY rats.
SHR hearts demonstrated diminished ϩdP/dt (Fig. 1A ) and less negative ϪdP/dt (Fig. 1B) values at low afterloads relative to WKY hearts, indicating impaired systolic contractile function and compliance, respectively. SHR hearts also showed diminished systolic (Fig. 1C) and diastolic (Fig. 1D) function at high preloads, consistent with an impaired Frank-Starling response and an impaired SHR LV compliance relative to WKY LV. Cardiac outputs and aortic flows did not differ significantly between SHR and WKY hearts at any afterload (P Ͼ 0.05, by 2-way ANOVA).
Transmission electron microscopy, CS, actomyosin ATPase, and respiration. Although no significant differences were detectable between SHR and WKY heart fiber mitochondrial volumes relative to cardiomyocyte volumes (40 Ϯ 4% and 42 Ϯ 4% for WKY and SHR, respectively, n ϭ 4; Fig. 2 ), mitochondria appeared less ordered in the majority of micrographs from the SHR, and there were fewer cristae per micrometer in SHR mitochondria [30.6 Ϯ 1.1 and 37.7 Ϯ 1.9 (SE) m Ϫ1 in SHR and WKY, respectively, P ϭ 0.02, n ϭ 4]. Similarly, CS activities were similar in cardiac tissue from SHR and WKY rats ( Table 2 ). Actomyosin activities of SHR preparations showed approximately half the turnover rates of WKY preparations (Table 2) .
Fibers from SHR and WKY hearts showed high respiratory control ratios [GM3/GM2; 11.7 Ϯ 0.9 (SE), n ϭ 12 for SHR; 10.1 Ϯ 1.4, n ϭ 8 for WKY; Fig. 3 ], indicating intact inner mitochondrial membranes and suggesting similar SHR and WKY proton leak for fibers using glutamate and malate for respiration. State 3 respiration with CI substrates (CIs3) was marginally higher in SHR fibers (Fig. 3) , although CI ϩ CII electron inputs (CI,II,s3) resulted in similar fluxes in both groups. SHR fibers showed higher maximal respirational flux rates (CI,CIIuc, ϳ8% higher, P ϭ 0.04) and a greater relative increase in flux on uncoupling than WKY fibers (P ϭ 0.002), indicating tighter control by the SHR phosphorylation system.
Using the working-heart model, we found that respirational flux following perfusion remained the same on all substrates for WKY fibers. However, in SHR fibers, respirational flux was depressed by 28% with CI (CIs3) and by 12% with CI ϩ CII (CI,II,s3) substrates, but not with CI and CII substrates with CI inhibited (i.e., in the presence of rotenone). This indicates that enhanced workload may damage or modulate CI or pathways upstream of CI in SHR LV.
The K m-ADP values indicated a lower apparent affinity for ADP of SHR fibers from unloaded hearts than WKY fibers (Table 2) . K m-ATP values were similar in SHR and WKY fibers ( Table 2 ) and indicated saturation of their ATP-hydrolyzing systems at 2 mM.
In contrast to coupled and uncoupled respiration from unworked hearts, respirational flux became markedly depressed in SHR-derived fibers supplied with ATP (Fig. 4) . SHR fibers showed only 77% (n ϭ 12) of ADP-supported respiration capacity, whereas WKY fibers respired at 91% of the capacity achieved on ADP (P ϭ 0.02, n ϭ 7). The addition of creatine resulted in only a minor increase in respirational flux. ATP , and the amounts of O 2
•Ϫ produced were similar in SHR and WKY fibers (Fig. 5) . During respiration with endogenous ATP, SHR fibers (n ϭ 9) produced significantly more O 2
•Ϫ than WKY fibers (n ϭ 9). Respiration with excess ADP resulted in low, yet similar, apparent O 2
•Ϫ production rates from SHR and WKY fibers, which showed greater O 2
•Ϫ production in ADP-starved SHR fibers. Lipid peroxidation was also ϳ15% higher in SHR-derived LV tissues than equivalent WKY tissues (Table 2) .
DISCUSSION
Cardiac function and ultrastructure. Consistent with reported pathological hypertrophy (55), hearts from SHR animals were larger overall and larger relative to body mass than those from matched controls. The decreased LV septum and right ventricular thicknesses in the SHR are also consistent with dilated hypertrophic cardiomyopathy. Using the workingheart model, we have shown decreased compliance and diminished contractile capacity under elevated loads in 12-mo-old SHR LV relative to controls. Increased extracellular fibrous connective tissue in the extracellular matrix may explain the loss of contractile function (52) , and macroscopic changes are evident within the 12-mo-old SHR heart (6). However, it has been reported that collagen content, tension development, and myocardial stiffness are similar in 12 mo-old SHR and WKY hearts (6) , suggesting that fibrosis is only incipient in nonfailing SHR hearts.
Changes in contractile function may also result, in part, from depressed ATP myofibrillar turnover. Increased preload stretches myofibrils to expose and increase activation of actomyosin ATPases, which in turn increases contractile output (51) . Our findings of a depressed Frank-Starling response could, in part, be explained by an impaired mitochondrial ADP/creatine phosphate supply or impaired ATP turnover in hearts from 12-mo-old SHR.
Cardiac mitochondria are arranged periodically, potentially to compartmentalize energy transfer networks from fibrils and ion pumps (1, 20, 42) . Changes in mitochondrial arrangement or volumes may therefore alter mitochondrial-to-myofibril space ratios, which should impact muscle power (38) . It has been reported that mitochondrial volume is more dynamic in SHR than WKY cardiomyocytes. It has also been reported that mitochondrial volume initially declines in young SHR myocardium and then increases to proportions equivalent to WKY volumes by 12 mo of age and continue to expand (24) . Consistent with these reports, we detected no significant difference in mitochondrial volumes. However, SHR mitochondria appeared less organized than WKY mitochondria and showed fewer cristae per micrometer than WKY mitochondria. Given that ADP concentration gradients may occur in normal hearts (50) , disordered mitochondria and/or the myofibril properties may still impact such gradients and energy transfer systems. The differences in cristae warrant further investigation.
Respirational flux, ATPase activities, and data comparisons. Most studies have historically determined respiration in states 3, 4, or 2 using substrates that independently test CI or CII (17, 18, 23) . We used a parallel electron input protocol that simultaneously fuels CI and CII to increase ETS flux that may reveal Values are means Ϯ SE (n ϭ 7). *P Ͻ 0.05. **P Ͻ 0.01. Aortic flows (AF) and cardiac output (CO) were similar for SHR and WKY hearts. AF differences at 5 and 22.5 cmH2O were 2.3 (Ϫ4.9 to 9.5) and 2.4 (Ϫ6.9 to 11.7) ml/min, respectively, for preload and 2.3 (Ϫ4.9 to 9.5) and 2.1 (Ϫ5.9 to 10.13) ml/min, respectively, for afterload (Ϯ95% CI). CO differences at 54.7 and 118.5 mmHg were Ϫ4.1 (Ϫ15.6 to 23.9) and 8.8 (Ϫ10.9 to 28.61) ml/min, respectively, for preload and 0.4 (Ϫ10.4 to 11.7) and 4.7 (Ϫ8.2 to 16.58) ml/min, respectively, for afterload (Ϯ95% CI). more subtle differences. Although this approach is not in itself novel (for review see Ref. 17) , with few exceptions (4, 23) , it is less frequently employed in pathological contexts.
SHR fibers showed similar coupled flux rates to WKY fibers with CI and CII substrates, yet maximal uncoupled respiration rates were elevated. These data are consistent with depressed mitochondrial function only in the later stages of heart failure and with a greater respirational capacity of SHR fibers from early-stage nonfailing hearts (23, 49) . However, after ex vivo work, respiration of SHR-derived fibers with CI substrates was depressed by 28%, yet flux remained intact with succinate as substrate and CI inhibited. Inasmuch as cardiac output was similar at all afterloads for SHR and WKY hearts, both sets of samples experienced equivalent workloads. However, WKY fibers remained intact on all substrates, which indicates that SHR CI or upstream pathways are more prone to modification under load.
CI, a large 45-subunit complex, is well known for its lability in pathology (34) . CI is also a source of O 2
•Ϫ release if electron flow is blocked or reversed (29, 34) . CI in 12-mo old SHR is clearly more prone to damage in hard-working hearts; however, how could this damage occur?
Uncoupled SHR fibers showed slightly higher maximal respiration rates than WKY fibers, and K m-ADP was also 50% higher in SHR fibers. These data are consistent with increased respirational flux control or limitations by the phosphorylation system [complex V (F 1 /F 0 ATP synthase), adenine nucleotide translocase (ANT), phosphate uptake, and nucleotide entry into mitochondria via voltage-dependent anion-selective channels]. ANT (3, 45) and mitochondrial phosphate translocators (45, 46) change function in nonfailing hypertrophic SHR hearts, and SHR heart ATP synthase switches less rapidly from quiescent to active states in SHR than WKY heart (10, 11).
Our apparent K m-ADP values differ from those reported elsewhere for permeabilized fibers (200 -300 M in fibers without 20 mM creatine) (1, 40) . We calculated lower apparent K m-ADP values of 104.3 Ϯ 12.3 85 and 159.4 Ϯ 8.5 M (Table  2) for WKY and SHR fibers, respectively (25) , which may (9) 36.1Ϯ6.5* (8) TBARS, pmol/mg wet wt 60.7Ϯ2.8 (7) 72.2Ϯ2.4 † (9) Values are means Ϯ SE of number of rats in parentheses. TBARS, thiobarbituric acid-reactive substances. *P Ͻ 0.05. †P Ͻ 0.01. ‡P Ͻ 0.001. reflect oncotic effect differences among respiration media (54) or the multiple-substrate protocol. A higher apparent K m-ADP in SHR fibers may compensate for elevated cytosolic ADP in the SHR cardiomyocytes. Indeed, phosphagens change substantially with hypertension. Steady-state creatine phosphate decreases to buffer ATP levels, and mean [ADP] can increase fourfold (from 10 Ϯ 1 in WKY to 41 Ϯ 2 M in SHR) (32, 33, 35) . In normotensive hearts, [ADP] fluctuates dynamically and peaks at 60, 120, and 290 M in low, moderate, and highly active states, respectively (50) . As a consequence, one could predict that the peak [ADP] in the moderately harder-working SHR heart would be between 120 and 290 M. Inasmuch as elevated [ADP] accelerates mitochondrial respiration rates, a compensatory shift upward of the apparent K m-ADP may control or limit respiration. However, this all assumes that ADP accumulating in the cytosol can diffuse easily into mitochondria, and it is well recognized that it cannot (5, 40 -42) .
Relative to WKY fibers, SHR fiber endogenous ATP-fueled respiration was depressed by 15%. SHR fibers clearly are less efficient at hydrolyzing ATP or shuttling ADP to mitochondria, inasmuch as WKY and SHR fibers respired at 92% and 75% of their respective fluxes fueled on ADP. We again used the parallel electron input protocol and recorded high flux rates compared with those reported elsewhere. For example, using the CI substrates 5 mM glutamate and 2 mM malate (in this Fig. 3 . A-C: respirational flux in permeabilized LV fibers from WKY rats and SHR. A: SHR fibers (gray bars, n ϭ 12) showed similar flux rates to WKY fibers (open bars, n ϭ 8) for state 2 respiration on glutamate (10 mM) and malate (5 mM, CIs2) and state 3 respiration on glutamate and malate (CIs3) or with succinate with ADP (CI,II,s3). Uncoupled respiration was higher in SHR fibers after uncoupling with carbonylcyanide p-trifluoromethoxy-phenylhydrazone (FCCP; CI,IIuc). Flux was similar after addition of rotenone (CIIuc). The same titration protocol was then applied to fibers from perfused worked hearts. Flux remained equivalent in WKY fibers (B) with all substrates; however, flux was depressed with CI and combined CI and CII substrates in SHR fibers (C), suggesting depressed CI function after perfusion with the working-heart system (worked). Error bars, SE. RCR, respiratory control ratio; CCO, cytochrome c oxidase. *P Ͻ 0.05. **P Ͻ 0.01. , respectively, at 37°C. This multiple-substrate protocol and buffer system perhaps provides a closer representation to working-heart respiration rates.
We also present data illustrating the influence of parallel electron input on state 2 respiration. This contributes to between 33% (WKY) and 34% (SHR) of maximal ATP-fueled respiration rates. Classically, state 2 or 4 flux rates fueled by CI substrates reach only 10% of the phosphorylating flux rates (36) . This fraction of respiration mostly results from proton leak due to the elevated membrane potential in state 2 and to the nonohmic nature of the membrane potential that is dissipated by this leak as phosphorylation increases (37) . These data suggest that, at lower phosphorylation rates, proton leakage, or perhaps even slippage, is higher in WKY mitochondria (37) . This in turn should lower O 2
•Ϫ release at slower work rates within the WKY heart relative to SHR hearts (see below). Indeed, this was observed (Fig. 5) . CII is less tightly coupled to phosphorylation, and in part this may contribute to the higher basal flux. State 2 respiration on CI and CII substrates was higher for WKY rats, indicating greater membrane leakage with multiple substrates.
Depressed ADP supply to SHR mitochondria may result from multiple factors. One explanation could be a lower affinity of ANT for ADP in SHR hearts (3). This explanation is consistent with a higher apparent K m-ADP in SHR fibers.
ATP-hydrolyzing mechanisms may also slow the net ADP return to mitochondria. Cardiac mitochondrial respiration is also under substantial control from myosin ATPases (57) and creatine and adenylate kinases (2, 12, 13, 19, 57) . Although mitochondrial creatine kinase-dependent flux progressively declines in SHR hearts, activities are reported to be adequate in the 12-mo-old SHR (35, 58) . Actomyosin ATPase isoenzyme expression patterns and activities have been well characterized in hypertensive hearts, and activities drop early in the ontogeny of hypertrophy (30, 32, 55) . Accordingly, SHR LV actomyosin ATPase activities were 50% lower than in the WKY LV at 12 mo, and this may account for depressed endogenous flux rates.
ADP exerts considerable control on respiration rate and explains large changes in respiration rate that cannot be explained by changes in Ca 2ϩ (39, 41) , and elevated cytosolic ADP can also inhibit ATPases and contraction (40) . However, the majority of attention has been on the export of ATP and its equivalent creatine phosphate from mitochondria. Therefore, what are the possible impacts of impaired ADP import to cardiac mitochondrial phosphorylation systems?
Using the CI ϩ CII protocol, we measured O 2 •Ϫ production from cardiac fibers respiring with endogenously (ATP) or exogenously supplied ADP or in the absence of adenylates. Only recently have multiple substrates been used to compare O 2
•Ϫ production in mitochondria derived from brain (59) and skeletal muscle (31) . Both reports indicate that CI ϩ CII substrate inputs increase O 2
•Ϫ production relative to independent substrates (31) .
As expected, O 2 •Ϫ production by fibers was greatest with no ADP (CI,II,s2). With excess ADP, all fibers respired quickly and produced low and equivalent signals for O 2 •Ϫ . The presence of ATP also depressed apparent O 2
•Ϫ production in WKY fibers. This finding is consistent with adequate ADP supplies to WKY mitochondria. However, O 2
•Ϫ production remained high in SHR fibers supplied with ATP, suggesting that an impaired ADP supply elevates O 2
•Ϫ production. The lipid peroxidation data support the idea that oxidative damage is greater in vivo in SHR than WKY LV. Oxidative damage commences early, inasmuch as, at 13 wk, the SHR heart already shows signs of increased hydroxyl radical formation and is more sensitive to H 2 O 2 insult, and superoxide dismutase and glutathione peroxidase activities are depressed by 30% (7, 27) .
Actomyosin-mediated ATP turnover is similarly depressed in hypertensive rodent models and humans (55) , and exercise appears to reverse the depression of actomyosin ATPase activity (44) . Clearly, it would be of value to explore whether the human mechanism of ATP turnover depression also elevates O 2
•Ϫ and, then, whether exercise stimulates more efficient adenylate coupling in hypertensive hearts.
We have shown that depressed heart function with increasing workload coincides with depressed CI and ATPase activities (40) and depressed ATP-fueled respiration. Impaired ATP hydrolysis and/or ADP supply to mitochondria also coincides with increased O 2
•Ϫ production. Although lipid peroxides can be generated from other processes, ATP-fueled respiration is depressed by 15% and O 2
•Ϫ production and lipid peroxidation are elevated by ϳ15%. These data may explain why mitochondrial dysfunction is not apparent until the later stages of heart failure, when fibrosis and, therefore, demands on the heart increase. •Ϫ production in permeabilized fibers in the absence and presence of 2.5 mM ADP or ATP. Ethidium production (a proxy for O2
•Ϫ ) was measured for SHR (n ϭ 10) and WKY (n ϭ 8) fibers respiring on CI and CII substrates in state 2 (CI,II,s2) or endogenously (CI,II-ATP) and state 3 (CI,II,s3). Error bars, SE. Respiration rates have been plotted to provide a relative comparison between O2
•Ϫ production rates and O2 consumption.
In conclusion, we hypothesize that subtle impairment of ADP supplies or limits on the phosphorylation systems may act to impede the ETS. This appears to be more evident in hard-working SHR hearts, which show elevated O 2
•Ϫ production and evidence of increased lipid peroxidation. The ensuing reactive species that evolve from increased O 2
•Ϫ may then progressively damage the cardiomyocyte and impair mitochondrial and cardiac function and promote the deterioration of the hypertensive heart (23, 49) .
